Squamous metaplasia is a common pathological process that occurs in the ocular surface epithelium. At present, there is no effective treatment for this abnormality. In the current study, we established an ex vivo conjunctival squamous metaplasia model by culturing human conjunctival tissues at an air-liquid interface for durations of up to 12 days. We then investigated the effects of amniotic membrane (AM) on squamous metaplasia through coculture of conjunctival tissues with AM or AM extract. We found that metaplasia features such as hyperproliferation and abnormal epidermal differentiation of conjunctival epithelium could be inhibited by AM or its extract. In addition, existing squamous metaplasia of conjunctival epithelium could be reversed to a nearly normal phenotype by AM. The mechanism by which AM prevents squamous metaplasia may involve downregulation of p38 mitogen-activated protein kinase and Wnt signaling pathways, which were activated in conjunctival explants cultured with an airlift technique. In conclusion, AM can inhibit and reverse squamous metaplasia of conjunctival epithelium. This finding may shed new light on prevention and treatment of diseases that involve epithelial squamous metaplasia. conjunctiva; ocular surface diseases; SQUAMOUS METAPLASIA is defined as pathological transition of a nonkeratinized, stratified epithelium into a nonsecretory, keratinized epithelium (2, 35, 44) . It is a commonly occurring pathological process in respiratory epithelium (21) and urothelium (27) and is also frequently present in ocular surface epithelia such as the cornea and conjunctiva. In the eye, squamous metaplasia can be a manifesting characteristic of a number of ocular surface diseases such as dry eye, Sjögren Syndrome, Stevens-Johnson Syndrome, mucous membrane pemphigoid, chemical/thermal burns, pterygium, pinguecula, and vitamin A deficiency (2, 23, 44) . Along with limbal stem cell deficiency, squamous metaplasia is one of the two major types of ocular surface failure that can give rise to severe visual loss or blindness (27, 40) . At this point in time, there is no effective method for the treatment of squamous metaplasia. Recently, Li et al. (23) developed a model of squamous metaplasia by subjecting human limbal explant to an airlift culture condition. This in vitro model now provides us with the possibility of dissecting the mechanism of squamous metaplasia and exploring new treatment modalities.
Squamous metaplasia is a common pathological process that occurs in the ocular surface epithelium. At present, there is no effective treatment for this abnormality. In the current study, we established an ex vivo conjunctival squamous metaplasia model by culturing human conjunctival tissues at an air-liquid interface for durations of up to 12 days. We then investigated the effects of amniotic membrane (AM) on squamous metaplasia through coculture of conjunctival tissues with AM or AM extract. We found that metaplasia features such as hyperproliferation and abnormal epidermal differentiation of conjunctival epithelium could be inhibited by AM or its extract. In addition, existing squamous metaplasia of conjunctival epithelium could be reversed to a nearly normal phenotype by AM. The mechanism by which AM prevents squamous metaplasia may involve downregulation of p38 mitogen-activated protein kinase and Wnt signaling pathways, which were activated in conjunctival explants cultured with an airlift technique. In conclusion, AM can inhibit and reverse squamous metaplasia of conjunctival epithelium. This finding may shed new light on prevention and treatment of diseases that involve epithelial squamous metaplasia. conjunctiva; ocular surface diseases; SQUAMOUS METAPLASIA is defined as pathological transition of a nonkeratinized, stratified epithelium into a nonsecretory, keratinized epithelium (2, 35, 44) . It is a commonly occurring pathological process in respiratory epithelium (21) and urothelium (27) and is also frequently present in ocular surface epithelia such as the cornea and conjunctiva. In the eye, squamous metaplasia can be a manifesting characteristic of a number of ocular surface diseases such as dry eye, Sjögren Syndrome, Stevens-Johnson Syndrome, mucous membrane pemphigoid, chemical/thermal burns, pterygium, pinguecula, and vitamin A deficiency (2, 23, 44) . Along with limbal stem cell deficiency, squamous metaplasia is one of the two major types of ocular surface failure that can give rise to severe visual loss or blindness (27, 40) . At this point in time, there is no effective method for the treatment of squamous metaplasia. Recently, Li et al. (23) developed a model of squamous metaplasia by subjecting human limbal explant to an airlift culture condition. This in vitro model now provides us with the possibility of dissecting the mechanism of squamous metaplasia and exploring new treatment modalities.
Amniotic membrane (AM), the innermost layer of the placental/fetal membrane, consists of a simple epithelium, a thick basement membrane, and an avascular stroma. It contains a variety of bioactive factors with low immunogenic potential (45) . Experimentally, AM has been shown to promote corneal epithelial wound healing (17) , reduce scarring (4, 46) , suppress inflammation (25, 36, 41, 42) , and inhibit angiogenesis (16) . Clinically, AM grafts have widely been used to treat ocular surface diseases including corneal ulcers (8, 20) , band keratopathy (1), symptomatic bullous keratopathy (39) , pterygium (28, 43) , and chemical/thermal burns (15, 31) . In tissue engineering, AM has also proved useful as a scaffold to provide the basement membrane and mitogenic growth factors required for ex vivo expansion of limbal epithelial stem cells (51) and corneal endothelial cells (48) . A soluble fraction of AM, AM extract (AME), also retains the anti-inflammatory (10, 11), anti-scarring (11), and anti-angiogenic (13) properties of AM, and contains soluble factors that can regulate mesenchymal cell differentiation (24) .
Although AM alone is ineffective in treating total limbal stem cell deficiency, AM transplantation has proved effective for treating partial limbal stem cell deficiency (7). However, AM has not yet been evaluated for its usefulness in treating squamous metaplasia. In the present study, we used the in vitro conjunctival squamous metaplasia model to investigate a potential role for AM and AME in the prevention and reversal of squamous metaplasia.
Cell Signaling Technology (Beverly, MA). ABC kits (Vectastain Elite) for mouse and rabbit IgG were from Vector Laboratories (Burlingame, CA). Culture plate inserts and polycarbonate filters were from Millipore (Bedford, MA). Plastic cell culture dishes were from BD Biosciences (Lincoln Park, NJ).
Preparation of human AM culture inserts. Human AM was obtained at the time of a Cesarean section from a healthy human placenta in accordance with the tenets of the Declaration of Helsinki for research involving human subjects and with the approval from the institutional review board of Xiamen Maternal and Child Health Hospital (Xiamen, Fujian, China). The proper informed consent was obtained from all the donors. Under sterile conditions, the membranes were washed with sterile phosphate-buffered saline (PBS) containing antibiotics (0.05% Tobramycin) and cut into pieces (4 cm ϫ 3 cm) and stored at Ϫ80°C in a 1:1 mixture of DMEM and glycerol. Immediately before use, the human AM was washed three times with sterile PBS and cut into small pieces with a 10-mm corneal trephine. Each human AM piece was carefully placed flat over the bottom of a porous filter insert (Transwell Clear for 24-well plate, 0.4 mm pore; Millipore) with the epithelial side facing up under dissecting microscope (SMZ800, Nikon, Japan) and air-dried for 20 min to strengthen the attachment between the porous filter insert membrane and conjunctiva tissues (47) .
Preparation of human AME. The preparation of human AME was carried out aseptically using a published method (10) . Healthy human placenta was stored at Ϫ80°C for longer than 6 mo. Immediately before use, the placenta was thawed, and the entire human AM was obtained from the placenta, washed three times with sterile PBS, sliced into small pieces, frozen with liquid nitrogen, and ground to a fine powder. The powder was weighed and mixed 1:1 (wt/vol) with cold PBS buffer to give a concentration of 1 g/ml. The mixture was kept on ice and homogenized with a pestle/mortar (Sonics Materials, Newtown, CT) 30 times, for 10 s each. The homogenate was then stirred for 12 h at 4°C, followed by centrifugation at 48,000 g for 30 min at 4°C. The supernatant, designated as the AME, was stored in 0.5-ml aliquots at Ϫ80°C. The protein concentration of AME was determined by a BCA assay.
Primary cultures of human conjunctival tissues. Human conjunctival tissue was handled in accordance with the Declaration of Helsinki and was approved by the Ethics Committee of Xiamen Eye Center (Xiamen, Fujian, China). Human bulbar conjunctival tissues from unidentifiable cadaver donor eyes were obtained from the eye bank of Xiamen Eye Center. The tissues were rinsed three times with DMEM containing 50 mg/ml gentamicin and 1.25 mg/ml amphotericin B. After careful removal of the excessive Tenon's capsule, the conjunctival tissue with epithelium and stroma was cut into pieces approximately 3 mm ϫ 3 mm. The conjunctival tissue explants, with epithelial side facing up, were then placed on the inserts with or without AM, cultured in supplemented hormonal epithelial medium (SHEM) made of an equal volume of HEPES-buffered DMEM containing bicarbonate and Ham/F12, supplemented with 5% FBS, 0.5% dimethyl sulfoxide, 2 ng/ml mouse EGF, 5 mg/ml insulin, 5 mg/ml transferrin, 5 ng/ml selenium, 0.5 mg/ml hydrocortisone, 1 nM cholera toxin, 50 mg/ml gentamicin, and 1.25 mg/ml amphotericin B. Conjunctival tissues were cultured in airlift conditions, as shown in Fig. 1A , such that the conjunctival epithelium was exposed to the air, while the conjunctival stroma and AM was submerged in the medium. Cultures were incubated under a humidified atmosphere of 5% CO2 in air at 37°C, and the medium was changed every other day. The explants were terminated every 4 days for 12 days. The outgrowth of conjunctival tissues was monitored and photographed with a Nikon camera mounted on a fluorescence microscope (Nikon TE-2000U, Nikon, Japan) every 2 days.
Histology and immunostaining. Frozen sections (6 m) of the conjunctival explants were fixed in acetone for 10 min at Ϫ20°C and prepared for immunostaining by rehydration in PBS followed by incubation in 0.2% Triton X-100 for 20 min at room temperature.
After three rinses with PBS for 5 min each and preincubation with 2% BSA to block nonspecific staining, sections were incubated overnight at 4°C with different dilutions of primary antibodies including K10 (1:50), phospho-␤-catenin (1:100), ␤-catenin (1:150), and MUC5AC (1:200). After three washes with PBS for 30 min, sections were incubated with an FITC-conjugated secondary antibody (chicken anti-rabbit or anti-mouse IgG at 1:100) for 1 h at 37°C. After three additional PBS washes for 30 min, the sections were mounted with an antifade solution with DAPI and photographed with a laser scanning confocal microscope (FV1000, Olympus, Tokyo, Japan). For immunohistochemical staining, the endogenous peroxidase activity was blocked by 0.6% hydrogen peroxide treatment for 10 min after fixation, and nonspecific staining was blocked by treatment with 1% normal goat serum for 30 min. Sections were then incubated overnight at 4°C with varying dilutions of primary antibodies including Ki67 (1:50), p63 (1:50), Pax6 (1:200), and phospho-p38 (1:100). After three washes with PBS for 30 min, sections were incubated with biotinylated anti-mouse or anti-rabbit IgG (1:100) for 1 h at 37°C and incubated with ABC reagent for 30 min. The reaction product was then developed with DAB for 2 min. The sections were mounted with mounting medium and examined with a Nikon camera mounted on a light microscope (Nikon, Japan).
Western blot analysis. Conjunctival tissue explants cultured on the inserts with or without AM for 12 days were washed three times with sterile PBS, sliced into small pieces, and extracted in cold lysis buffer comprising 50 mM Tris-Cl (pH 7.5), 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, and protease and phosphatase inhibitor cocktails, and then equal amounts of protein extracts (20 g) were subjected to Western blot analysis using ␤-actin (1: 10,000), phospho p38-Thr180/Tyr182 (1:500), phospho-␤-cateninSer552 (1:500), and ␤-catenin (1:100) antibodies. The results were visualized using an enhanced chemiluminescence method.
Image analysis. For analysis of integrated optical density (IOD) expression of positive immunostaining in the conjunctival epithelium, images from immunostained (K10, MUC5AC, Pax6, Ki67, and p63) sections were processed using Image Pro Plus V6.0 (Media Cybernetics, Silver Spring, MD) as previously reported (5) . In brief, correction of unequal illumination (shading correction) and the calibration of the measurement system were done with a reference slide after the images were recorded. The images of immunostained slides were converted to a grey scale, and the IOD was measured as a linear combination between the average grey intensity and the relative area occupied by positive cells. The IOD scores were only obtained from the epithelium of the conjunctival tissues. For each sample, different areas of six sections were scored and subjected to statistic analysis.
Statistical analysis. All experiments described above were repeated three times, at least in triplicate. Summary data were reported as means Ϯ SD. An appropriate version of the t-test was used to compare the group mean data, with P Ͻ 0.05 considered statistically significant. Statistical analysis was performed with Prism 4.0 software (GraphPad Software, San Diego, CA).
RESULTS

Morphological change of conjunctival tissues cultured with or without AM.
Human conjunctival explants were cultured under airlift mode with or without AM for different durations. As seen with the microscope, epithelial cells started to migrate out from the conjunctival tissues edge at day 4 to 5 in both groups. The outgrowth gradually increased with time, and there were no significant differences in outgrowth surface area between the two groups at day 12 (Fig. 1B) .
Hematoxylin and eosin (H&E) staining demonstrated that the conjunctival epithelium was intact, with 4 to 7 layers of epithelial cells, before culturing (Fig. 1C, g ). In conjunctival explants without AM, conjunctival epithelial cell layers in-creased dramatically from day 4 to day 12, with some areas showing more than 19 cell layers at day 12, yielding an appearance resembling intrastromal digital invasion (Fig. 1C , a-c). However, when cultured with AM, conjunctival epithelial cell stratification was unaltered throughout the culture duration (Fig. 1C, d-f ). Statistical analysis revealed a significant increase in epithelial cell layers in conjunctival explants cultured without AM compared with those cultured with AM ( Fig. 1D) .
Effect of AM on differentiation of conjunctival epithelium. The differentiation status of conjunctival epithelium in explant culture, with or without AM, was investigated by immunostaining of K10, MUC5AC, and Pax6. As expected, expression of K10 keratin, an epidermal keratinocyte-specific intermediate filament, was negative in normal conjunctiva before culturing (Fig. 2C) . In conjunctival cultures without AM, K10-positive cells were present in superficial cell layers of conjunctival epithelium at day 4 ( Fig. 2A) and their numbers dramatically increased and spread to suprabasal and superficial cell layers at day 12 (Fig. 2B) . However, in conjunctival culture with AM, K10-positive cells were sparse in the superficial layer of the conjunctival epithelium on day 4 ( Fig. 2D) and their numbers only slightly increased at day 12 (Fig. 2E) . IOD analysis confirmed a significant difference in K10 expression between the two groups at day 12 ( Fig. 2F , P Ͻ 0.01).
The effect of human AM on goblet cell differentiation in airlift cultures was further investigated by examining MUC5AC, the most abundant mucin of the ocular surface (30) . MUC5AC-positive cells were distributed in normal conjunctival epithelium before culturing (Fig. 3C ). In the conjunctiva culture without AM, MUC5AC staining significantly declined at day 4 ( Fig. 3A) and was totally absent by day 12 (Fig. 3B) . However, when cultured with AM, although numbers of MUC5AC-positive cells declined at day 4 ( Fig. 3D) , cultures showed sporadic MUC5AC expression at day 12 (Fig. 3E) . IOD analysis showed that MUC5AC expression was higher in cultures with AM at day 12 ( Fig. 3F , P Ͻ 0.01).
We further investigated the effect of AM on the lineage commitment of conjunctival epithelial cells in airlift culture by Pax6 staining. Pax6 was uniformly expressed in nearly all the nuclei of normal conjunctival epithelium before culturing (Fig.  3I ). In the conjunctiva cultured without AM, nuclear expression of Pax6 was lost in some basal and suprabasal epithelial cells at day 4 (Fig. 3G) , and this loss became more prominent at day 12, to the point of being full-thickness negative in some areas (Fig. 3H) . In contrast, in the conjunctiva cultured with AM, Pax6-positive nuclei remained uniformly present in the full thickness of the conjunctival epithelium at day 4 ( Fig. 3J)  and day 12 (Fig. 3K) . IOD analysis showed significant decrease of Pax6 expression in conjunctiva cultured without AM (Fig.   Fig. 1 . Conjunctival epithelial change in airlift cultures with or without aminiotic membrane (AM). Schematic drawing of human conjunctiva cultured with or without AM (A). Conjunctival explants cultured on inserts without AM (Conj) or with AM (ConjϩAM) at day 12 (D12) showed similar epithelial outgrowth (B, arrowhead showed the leading edge of the outgrowth). Hematoxylin and eosin (H&E) staining of conjunctival explants cultured without AM (C, a-c) or with AM (C, d-f) for different durations and normal conjunctiva before culturing (C, g). Conjunctival epithelial cell layer counting showed greater stratification in conjunctiva cultures without AM than in cultures with AM at day 12 (**P Ͻ 0.01) or in normal conjunctiva (**P Ͻ 0.01), while there was no significant difference between normal conjunctiva and conjunctiva cultures with AM (P Ͼ 0.05) (D). D4, day 4; D8, day 8.
3L, P Ͻ 0.05). Taken together, these data indicated that abnormal differentiation of conjunctival epithelium in the direction of squamous metaplasia was induced by airlift cultures, and this was coupled with downregulation of Pax6. In contrast, this abnormal differentiation could be inhibited in cultures seeded on AM.
Effect of AM on proliferation of conjuntival epithelium. Squamous metaplasia induced by airlift has been demonstrated previously to be coupled with epithelial hyperproliferation in limbal explant cultures (23) . In the present study, immunostaining for Ki67 and P63 to elucidate epithelial proliferative status in conjunctival explant cultures showed that only a few Ki67-positive nuclei were present in the basal layer of the normal conjunctival epithelium before culturing (Fig. 4C) . Conjunctiva cultured without AM showed an obvious increase in Ki67-positive nuclei from day 4 (Fig. 4A) to day 12 (Fig.  4B) . However, conjunctiva cultured with AM showed only a slight increase in Ki67-positive cells from day 4 (Fig. 4D) to  day 12 (Fig. 4E) . The Ki67 expression was higher in conjunctival cultures without AM than in those with AM at day 12 ( Fig. 4F, P Ͻ 0.01) .
Expression of p63-a marker thought to be expressed in basal epithelial progenitor cells of all stratified epithelia (37) was noted in basal and some suprabasal epithelial cells in the normal conjunctiva before culturing (Fig. 4I) , and no dramatic change occurred in either culture condition at day 4 (Fig. 4, G  and J, respectively) . In the conjunctiva cultured without AM, the numbers of p63-positive nuclei were dramatically increased at day 12 (Fig. 4H) . However, in the conjunctiva cultured with AM, p63-positive nuclei were confined to the basal and some suprabasal epithelial cells at day 12 (Fig. 4K) , and expression was lower than in cultures without AM (Fig. 4L, P Ͻ 0.01) . Collectively, these results indicated that hyperproliferation of conjunctival epithelial cells was induced in airlift cultures but was inhibited when the conjunctival tissues were cocultured on AM.
AM reversed squamous metaplasia of conjunctival epithelium. We further investigated whether AM can reverse squamous metaplasia of the conjunctival epithelium induced by airlift. To do this, 12 pieces of conjunctival explants were cultured under airlift condition without AM for 12 days (defined as P0), after that, six pieces were terminated for cryosectioning and immunostaining, and the rest tissues were transferred to new inserts and further cultured with or without AM for another 12 days (defined as P1) (Fig. 5K) . Under the microscope, epithelial outgrowth showed a similar pattern at the end of P0 in both groups (data not shown) and also similar at the end of P1 (P1-Conj-D12 and P1-ConjϩAM-D12, as shown in Fig. 5, A  and B, respectively) .
H&E staining showed increased stratification and more prominent digital invasion of conjunctival epithelial cells at day 12 in P1 culture without AM (Fig. 5C ). In contrast, in P1 culture with AM, the conjunctival epithelial cells decreased to 5-6 layers, which was coupled with complete regression of digital invasion at day 12 (Fig. 5D) .
To investigate whether abnormal differentiation of conjunctival epithelium could be reversed by AM in airlift cultures, immunofluorescence was performed for K10 keratin. As found previously, K10 was mainly expressed in superficial cell layers of conjunctival epithelium by the end of P0 culture (data not shown). In P1 culture without AM, K10-positive cells increased from the superficial cell layers to some superbasal cell layers after 12 days (Fig. 5E) . However, only sparse K10-positive cells appeared in the superficial conjunctival epithelium at the end of P1 culture with AM (Fig. 5F ). Subsequent MUC5AC staining indicated no positive goblet cells in either group (data not shown).
Ki67 staining performed to evaluate the proliferation status in P1 culture showed that Ki67-positive nuclei were maintained in basal and suprabasal layers by the end of P1 culture without AM (Fig. 5G) , while only sporadic positive cells appeared in cultures with AM (Fig. 5H) . . In conjunctival culture with AM, there were only sparse K10-positive cells in the superficial layer of the conjunctival epithelium on day 4 (D) and slightly increased at day 12 (E). K10 was negative in normal conjunctival epithelium (C). Intergrated optical density (IOD) analysis showed a significant difference in K10 expression between the two groups at day 12 (F, **P Ͻ 0.01).
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Immunohistochemical staining of Pax6 showed that, in P1 culture without AM, Pax6 expression showed constant decrease compared with P0 (Fig. 5N) , and the expression mainly resided in the cytoplasmid of conjunctival epithelium, only left nuclear staining in superficial epithelium (Fig. 5I) . However, Pax6 expression in P1 culture with AM remained at a level similar to that of the end of P0 culture without AM (Fig. 5N) , and the nuclear expression remained in a majority of the epithelial cells (Fig. 5J) . Taken together, these data indicated that AM could also reverse squamous metaplasia of the conjunctival epithelium induced by airlift. AME inhibited squamous metaplasia of conjunctival epithelium. To determine whether the benefit of AM in preventing and reversing airlift-induced squamous metaplasia might be via soluble factors, we cultured conjunctival explants by airlift in SHEM supplemented with AME at a protein concentration of 100 g/ml, using BSA at the same concentration as a control. At the end of 12 days cultivation with BSA, the conjunctival epithelium still exhibited increased stratification (Fig. 6A) , superficial and suprabasal expression of K10 (Fig. 6B) , absence of MUC5AC (Fig. 6C) , increased expression of Ki67 (Fig.  6D) , and decreased expression of Pax6 (Fig. 6E) . However, when similar cultures were exposed to AME, the conjunctival epithelium had a structure similar to the normal conjunctiva ( Fig. 6F) with only a few K10-positive epithelial cells (Fig.  6G ) and a few randomly distributed Ki67-positive cells (Fig.  6I) , while retaining sporadic MUC5AC-positive cells (Fig. 6H) and maintaining strong nuclear expression of Pax6 in majority of the conjunctival epithelial cells (Fig. 6J) . These findings supported the notion that AME still retained the beneficial Fig. 3 . MUC5AC and Pax6 expression in conjunctival explants. MUC5AC(ϩ) cells scattered in normal conjunctival epithelium (C). MUC5AC(ϩ) cells decreased in conjunctival epithelium cultured without AM for 4 days (A) and completely disappeared at 12 days (B). MUC5AC expression also decreased in conjunctiva cultured with AM for 4 days (D) and retained sporadic positive staining at 12 days (E). IOD analysis showed a significant difference in MUC5AC expression between the two groups at day 12 (F, **P Ͻ 0.01). Pax6 was expressed in the full thickness of normal conjunctival epithelium (I). Nuclear expression of Pax6 decreased in the conjunctival tissue cultured without AM for 4 days (G) and 12 days (H), while it was well maintained in the conjunctiva cultured with AM for 4 days (J) and 12 days (K). IOD analysis showed that there was significant decrease of Pax6 expression in the conjunctival tissue cultured without AM for 12 days compared with that of normal conjunctiva, while there was no statistic difference between Normal Conj Group and ConjϩAM Group (L, *P Ͻ 0.05).
effects of AM in preventing squamous metaplasia of the conjunctival epithelium induced by airlift.
p38 signaling pathway was downregulated in the conjunctival stroma by AM. Previously, we showed that the p38 mitogen-activated protein kinase (MAPK) signaling pathway is activated in squamous metaplasia of human limbal epithelial cells induced by airlift, and that a p38 inhibitor SB203580 can prevent this squamous metaplasia without affecting limbal epithelial proliferation (23) . We therefore investigated whether the p38 signaling pathway was inhibited by AM using immunostaining and Western blot analysis. A few positive phosphop38 (p-p38) nuclei were present in the epithelium and stroma of the normal conjunctiva before culturing (Fig. 7C) . In the conjunctiva cultured without AM, nuclear expression of p-p38 dramatically increased both in the epithelium and stroma from day 4 (Fig. 7A) to day 12 (Fig. 7B) . In contrast, when conjunctiva were cultured with AM, a transient increase in p-p38 nuclear staining occurred in the epithelium and stroma at day 4 ( Fig. 7D) , but p-p38 nuclear expression declined in the epithelium and was almost absent in the stroma by day 12 (Fig.  7E) . Western blot analysis confirmed downregulation of p-p38 in the conjunctival tissues cultured with AM for 12 days (Fig.  7F) . These results indicated that the p38 signaling pathway is indeed activated in the conjunctival tissue cultured in airlift conditions at the early stages, and that p38 signaling pathway in the conjunctiva, especially in the stroma, could be inhibited by coculture with AM.
Wnt signaling pathway was inhibited by AM in airlift cultures. The Wnt signaling pathway is an essential intercellular communication pathway that controls many processes . IOD analysis showed that Ki67 expression was significantly higher in conjunctiva cultured without AM compared with normal conjunctiva and explants cultured with AM (F, **P Ͻ 0.01). P63 was expressed in the nuclei of basal and suprabasal epithelial cells in normal conjunctiva before culturing (I), and there was no significant increase of P63(ϩ) cells after 4 days culture without or with AM (G and J, respectively). P63(ϩ) cells dramatically increased after 12 days culture without AM (H), while it slightly increased in conjunctiva cultured with AM (K), and there was a significant difference between the two groups (L, **P Ͻ 0.01).
including cellular proliferation and differentiation (29, 50) . Our recent study demonstrated transient activation of the Wnt signaling pathway in conjunctival explants cultured under the airlift condition (unpublished observations; Lin H, Li W, Qu YL, Geng Z, Li C, Xu C, Dong N, and Liu Z). To investigate whether the Wnt signaling pathway in the conjunctiva was inhibited by AM, ␤-catenin and phospho-␤-catenin expression was investigated by immunofluorescence staining and Western blot analysis. ␤-Catenin was expressed in the cell membrane in the full thickness of normal conjunctival epithelium before culturing (Fig. 8C) . In conjunctiva cultured without AM, in addition to membranous expression, ␤-catenin was also present in nuclei and cytoplasm of some epithelial cells at day 4 ( Fig.  8A ) and became prominent in the nuclei of basal epithelial cells by day 12 (Fig. 8B) . However, in the conjunctiva cultured with AM, no nuclear translocation of ␤-catenin was noted from day 4 (Fig. 8D) to day 12 (Fig. 8E) . Western blot analysis showed that ␤-catenin expression was downregulated in the conjunctival tissues cultured with AM for 12 days (Fig. 8F) . Phospho-␤-catenin (p-␤-catenin) was only expressed in the basal epithelium of normal human conjunctiva before culturing (Fig. 8I) and was expressed in the full thickness of conjunctival epithe- Fig. 5 . AM reverses squamous metaplasia of conjunctival epithelium. Schematic drawing showing conjunctival explants cultured under airlift condition without AM for 12 days (P0) and then transferred to new inserts and further cultured with or without AM for 12 days (P1) (K). Epithelial outgrowth of P1 culture without (A) or with (B) AM showed similar patterns. H&E staining showed conspicuous stratification of the epithelium in P1 explants cultured without AM (C), while much less stratification was seen in P1 explants cultured with AM (D). K10 expression was increased at the end of P1 culture without AM (E), while it was greatly reduced at the end of P1 culture with AM (F) compared with that of P0 culture, which was confirmed by IOD analysis (L, **P Ͻ 0.05 and *P Ͻ 0.01, respectively). Ki67 was expressed in the basal and suprabasal layers of conjunctival epithelium at the end of P1 culture without AM (G) and showed no significant difference compared with P0 culture. However, Ki67 was only expressed in few basal epithelial cells in P1 culture with AM (H) and showed significant decrease compared with P0 culture (M, **P Ͻ 0.01). Pax6 expression showed constant decrease compared with P0 (N, *P Ͻ 0.05), and the expression mainly resided in the cytoplasmid of conjunctival epithelium, only left nuclear staining in superficial epithelium (I). However, Pax6 expression in P1 culture with AM remained at a level similar to that of the end of P0 culture without AM and the nuclear expression remained in majority of the epithelial cells (J).
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lial cells at day 4 in both groups (Fig. 8, G and J, respectively) . Expression of p-␤-catenin dramatically decreased at day 12 in conjunctiva cultured without AM (Fig. 8H ), while only a slight decrease was noted in conjunctiva cultured with AM (Fig. 8K) . Western blot analysis showed the same pattern as immunofluorescence staining, with a higher level of p-␤-catenin in the conjunctival tissues cultured with AM for 12 days than in those without AM (Fig. 8L) . These results indicated that the Wnt signaling pathway is indeed activated in the conjunctival epithelium under airlift condition and that it was downregulated when conjunctiva were cocultured with AM.
DISCUSSION
In the current study, we successfully induced squamous metaplasia of human conjunctival epithelial cells by culturing conjunctival tissues on the air-liquid interface. Synthesis of K10 keratin was induced after 4 days of culture ( Fig. 2A) , indicating transdifferentiation of conjunctival epithelial cells into an epidermal phenotype. As previously reported, goblet cell loss is a hallmark of squamous metaplasia (38) . In our model, we also found that goblet cell numbers diminished around 8 days, and these cells were completely lost after 12 days of airlift culture (Fig. 3B) . Moreover, Pax6, a transcription factor expressed in the ocular surface epithelium but not in other stratified epithelia such as epidermis (19) was also downregulated in airlift culture (Fig. 3, G and H) , which is in accordance with a previous report that downregulation of Pax6 is associated with squamous metaplasia in ocular surface diseases (22) . However, this result contradicts the previous limbal epithelial squamous metaplasia model, where Pax6 expression Fig. 6 . AM extract inhibits squamous metaplasia of conjunctival epithelium. In the end of 12 days cultivation with BSA (control), H&E staining showed increased stratification of conjunctival epithelial cells (A), K10-positive expression in the superficial and some suprabasal cell layers of conjunctival epithelium (B), absent of MUC5AC in conjunctival epithelium (C), increased Ki67 expression (D), and decreased Pax6 expression (E) in conjunctival epithelium. However, in the end of 12 days cultivation with AME, the epithelial structure was similar to that of normal conjunctiva before culturing (F), only a few K10-positive cells exhibited on the superficial epithelium (G), sporadic MUC5AC-positive cells maintained (H), randomly distributed Ki67-positive cells (I), and retained Pax6 expression in conjunctival epithelium (J). Fig. 7 . AM downregulates p38 mitogen-activated protein kinase (MAPK) signaling pathway in conjunctival explants. Few positive p-p38 nuclei were present in the epithelium and stroma of normal conjunctiva (C). In conjunctiva cultured without AM, p-p38-positive cells dramatically increased both in the epithelium and stroma from day 4 (A) to day 12 (B). However, in conjunctiva cultured with AM, although there was increase of p-p38 nuclear staining in the explants at day 4 (D), p-p38 nuclear staining decreased and became negative in the stroma at day 12 (E). Western blot analysis showed downregulation of p-p38 in the conjunctiva explants cultured with AM for 12 days compared with those cultured without AM (F). maintained in the end of 2 wk airlift culture (23) . We assumed that limbal and conjunctival epithelia may respond differently to the airlift culture conditions, whereby the conjunctival epithelium may be more sensitive to microenvironmental changes that can alter Pax6 gene expression. Another characteristic of squamous metaplasia, i.e., hyperproliferation, was confirmed by increased expression of Ki67 (Fig. 4B) and P63 (Fig. 4H) . Staining for K14 and K16 also confirmed upregulation of these cytokeratins in the conjunctival epithelium during airlift culture (data not shown), indicating expansion of progenitor cells or a transient amplifying cell pool, and a fast turnover property of the conjunctival epithelial cells, as shown in keratinocyte culture systems (14) . Intriguingly, we found that squamous metaplasia induced by air exposure can be inhibited to a large extent when conjunctival explants were cocultured with AM. Weak expression of K10 and well-maintained Pax6 expression supported the notion that abnormal differentiation of conjunctival epithelial cells was greatly prevented. A previous report has shown that conjunctival epithelial cells cultured by airlift in the presence of AM rarely showed the goblet cell phenotype (33) . In our study, MUC5AC expression was also maintained at low level at day 12 when conjunctival tissue was cocultured with AM ( Fig. 3E) , indicating that goblet cell differentiation can be only partially preserved. However, human conjunctival explants cultured on AM still showed increased proliferation based on Fig. 8 . AM downregulates Wnt signaling pathway in conjunctival epithelium. ␤-Catenin was expressed in the cell membrane of full-thickness normal conjunctival epithelial cells before culturing (C). In conjunctiva cultured without AM, other than membranous expression, ␤-catenin was also present in nuclear and cytoplasmid of some epithelial cells at day 4 (A). Nuclear translocation of ␤-catenin became prominent at day 12 (B and inset). However, in the conjunctiva cultured with AM there was no nuclear translocation of ␤-catenin from day 4 (D) to day 12 (E and inset). Western blot analysis showed downregulation of ␤-catenin in the conjunctiva explants cultured with AM for 12 days (F). Phospho-␤-catenin (p-␤-catenin) was only expressed in the basal epithelium of normal conjunctiva before culturing (I) and was expressed in full-thickness epithelium in conjunctival explants cultured without or with AM for 4 days (G and J, respectively). p-␤-Catenin expression reduced in conjunctiva cultured without AM (H), while only slightly decreased in the superficial cell layers in conjunctiva cultured with AM for 12 days (K). Western blot analysis showed lower expression of p-␤-catenin in the conjunctiva explants cultured without AM for 12 days (L). the expression of Ki67 and P63, although the proliferation rate is lower than when cultured without AM. This finding agrees with previous reports that AM facilitates, rather than inhibits, epithelial growth (18, 32) . Therefore, the effects of AM on squamous metaplasia operate mainly through prevention of abnormal differentiation but not by complete inhibition of hyperproliferation.
Our study further demonstrated that AM actually can reverse squamous metaplasia of conjunctival epithelium induced by air exposure. The proof comes mainly from the rediminishing of K10 expression at the end of the P1 culture (Fig. 5F ). H&E staining also demonstrated the remodeling of the conjunctival epithelium (Fig. 5D) , otherwise the digital invasion was more prominent when the conjunctival explants were continuously cultured without AM (Fig. 5C ). The mechanism of this phenomenon is worthy of further study. Interestingly, goblet cell differentiation was not restored at the end of P1 culture in the presence of AM, which further indicated that the condition for goblet cell differentiation is strict and that AM alone is not sufficient to induce goblet cell differentiation. We also demonstrated that the activity of AM was retained in a watersoluble AM extract (Fig. 6 ). Further study is needed to reveal the soluble factor(s) in AM that induce the effects on squamous metaplasia.
The status of p38 MAPK and Wnt signaling pathways were also examined in our culture system. The p38 signaling pathway plays a key role in cell differentiation process of various cell types (6, 12, 49) and was activated in squamous metaplasia of the rat lung epithelium (52) . A previous study found p38 activation in limbal explants cultured by airlift, while inhibition of the p38 signaling pathway by a p38 inhibitor abolished abnormal differentiation without affecting limbal epithelial proliferation (23) . In the current study, p38 signal was activated at a low levels in normal conjunctiva before culturing but was strongly activated both in the epithelium and stroma when conjunctiva were cultured by airlift. However, when cocultured with AM, p-p38 expression was dramatically downregulated in the conjunctiva, especially in the stroma (Fig. 7E) . Complete blockage of the p38 signaling pathway has been shown in outgrowth epithelium of limbal explants cultured on AM (9). The current study provides new evidence that AM can downregulate the p38 signal in explant stromal cells rather than in the epithelium. The fact that downregulation of the p38 signal is more prominent in conjunctival stroma also indicates that the status of stromal cells may play a major role in regulating lineage commitment and terminal differentiation of epithelial cells.
The Wnt signaling pathway is also known to be involved in the pathological process of squamous metaplasia (26, 34) . The present study found prominent nuclear translocation of ␤-catenin and downregulation of p-␤-catenin in conjunctival explants cultured without AM at day 12 (Fig. 8, B and H) , indicating that the Wnt signal was also activated in squamous metaplasia in our culture system. In contrast, the Wnt signal was downregulated in the epithelium when conjunctiva were cocultured with AM (Fig. 8, E and K) , which supports the notion that AM may also exert its effects on squamous metaplasia through inhibition of Wnt signaling. A recent study showed that activation of p38 MAPK is critical for canonical Wnt-␤-catenin signaling (3), indicating that the p38 signal may be upstream of the Wnt signal. Further study may help reveal the nature of the cross-talk between Wnt and p38 signaling pathways in the pathological process of squamous metaplasia.
In conclusion, our study, for the first time, showed that squamous metaplasia of conjunctiva can be prevented and reversed by coculturing with AM tissue or extract. This may shed new light in the treatment for diseases manifesting epithelial squamous metaplasia at the ocular surface, as well as other mucous membranes.
